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1   |   INTRODUCTION

Tolerance to orthostatic stress requires adequate cardio-
vascular control, including an adequate neurohumoral 
reflex response to central blood volume, to avoid syncope 
(Cooper & Hainsworth, 2001, 2002; Ogoh et al., 2003). 
Microgravity from Earth or Earth from Microgravity 
induces drastic fluid shifts that modify the cardiovas-
cular response of astronauts and consequently impair 
orthostatic tolerance (Bondar et al., 1994; Fu et al., 
2002, 2019). Therefore, the mechanism of determining 

orthostatic tolerance is important, especially in astro-
nauts (Levine, 1993). Orthostatic tolerance has been 
investigated through ground-based studies by inducing 
large fluid shifts using lower body negative pressure 
(LBNP) and head-up tilt (HUT). Some studies (Han et al., 
2009; Kaur et al., 1985; Kuriyama et al., 2000; Ogoh et al., 
2013, 2015) investigated cerebral blood flow (CBF) regu-
lation as a surrogate of orthostatic tolerance using these 
experimental techniques. Generally, it has been thought 
that the orthostatic stress during HUT trial is matched 
with that of LBNP trial, as an experimental model, that 
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Abstract
Head-up tilt (HUT)-induced gravitational stress causes collapse of the internal 
jugular vein (IJV) by decreasing central blood volume and through mass-effect 
from the surrounding tissues. Besides HUT, lower body negative pressure (LBNP) 
is used to stimulate orthostatic stress as an experimental model. Compared to 
HUT, LBNP has less of a gravitational effect because of the supine position; there-
fore, we hypothesized that LBNP causes less of a decrease in the cross-sectional 
area of the IJV compared to HUT. We tested the hypothesis by measuring the 
cross-sectional area of the IJV using B-mode ultrasonography while inducing or-
thostatic stress at levels of −40 mmHg LBNP and 60° HUT. The cross-sectional 
area of IJV decreased from the resting baseline during both LBNP and HUT tri-
als, but the LBNP-induced decrease in the cross-sectional area of IJV was smaller 
than that of HUT (right, −45% ± 49% vs. −78% ± 27%, p = 0.008; left, −49% ± 27% 
vs. −78%  ±  20%, p  =  0.004). Since changes in venous outflow may affect cer-
ebral arterial circulation, the findings of the present study suggest that orthostatic 
stress induced by different techniques modulates cerebral blood flow regulation 
through its effect on venous outflow.
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induces the same change in fluid shifts (Bronzwaer 
et al., 1985).

Yet, on the contrary, it is noteworthy that HUT-induced 
gravitational stress also leads to the collapse of the inter-
nal jugular vein (IJV) by decreasing central blood volume 
and through mass-effect from the surrounding tissues 
(Dawson et al., 2004). Although it is unclear how this 
phenomenon contributes to CBF regulation, the venous 
outflow is associated with CBF regulation (Ogoh et al., 
2016, 2020; Sato et al., 2017). Thus, it is possible that a 
gravitationally stress-induced change in venous outflow 
may affect CBF regulation. LBNP causes fluid shifts sim-
ilarly to HUT, but it has less of a gravitationally-induced 
effect on the IJV because it maintains a supine position. 
Therefore, we hypothesized that LBNP causes a smaller 
decrease in the cross-sectional area of the IJV as com-
pared to HUT. This investigation is important because the 
various morphologic changes of the IJV in response to 
orthostatic stress may impact CBF differently, even with 
the same amount of orthostatic stress. To test this hypoth-
esis we measured the changes in the cross-sectional area 
of the IJV during orthostatic stress-induced after levels of 
−40 mmHg LBNP and 60° HUT.

2   |   METHODS

2.1  |  Participants

Eight healthy participants (five men and three women, 
age 22.6  ±  1.1  years, height 166.9  ±  6.0  cm, weight 
60.8  ±  13.8  kg; mean  ±  standard deviation [SD]) par-
ticipated in the study. The subjects underwent a medical 
examination, including a detailed history, and did not 
have any cardiovascular, pulmonary or kidney disease. 	
The subjects were asked to abstain from caffeinated bev-
erages, strenuous physical activity, and alcohol for 24  h 
before the experiment. The protocol was approved by 
the Ethical Committee for Human Research at Kyorin 
University (no. 2020-3), and each subject provided written 
informed consent to participate according to the princi-
ples of the Declaration of Helsinki.

2.2  |  Experimental protocol

Participants rested in the supine position for at least 
20 min before the HUT trial on the hospital tilt bed, after 
which they were placed at 60° HUT. Doppler measure-
ment was performed at two minutes. Following the HUT 
trial, participants were positioned in the LBNP box, which 
was sealed at the level of the iliac crest. Participants were 
rested in the supine position once again while in the LBNP 

box for at least 20 min before initiating the LBNP trial. The 
subjects were asked to rest on the hospital tilt bed to allow 
for hemodynamics to return to baseline. Subsequently, 
the participants underwent −40 and −60  mmHg LBNP 
trials at random. Doppler measurement was performed at 
2 min. Step change was performed between the two LBNP 
trials without rest.

2.3  |  Doppler measurement

The cross-sectional area of the IJV was measured bilater-
ally by investigators trained in the use of B-mode ultra-
sound systems (EPIQ 7; Philips) equipped with 12-MHz 
linear transducers (Figure 1). The cross-sectional area of 
IJV was assessed at the J3 level (as cranially as possible 
in the IJV after its passage through the jugular foramen). 
Subjects maintained their heads in the neutral position 
as much as possible during ultrasonography to minimize 
distortion of the vein by cervical rotation (Dawson et al., 
2004). It was ensured that the probe position and insona-
tion angle were consistent, and veins were not collapsed 
by the ultrasonographer. The cross-sectional area of the 
IJV was calculated by manually measuring the image of-
fline. Because of the fluctuation of the cross-sectional 

F I G U R E  1   Internal jugular vein (IJV) imaging by B-mode 
ultrasonography. Right and left side IJV in the supine position 
(top panel), 60° head-up tilt (HUT, second top panel), −40 mmHg 
lower body negative pressure (LBNP, second bottom panel), and 
−60 mmHg LBNP (bottom panel)
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area of the IJV caused by respiration, the largest cross-
sectional area of the IJV was measured under spontane-
ous respiration.

2.4  |  Cardiopulmonary measurements

Heart rate was monitored using three-lead electrocardi-
ography (BSM2301; Nihon Kohden). Continuous arterial 
blood pressure was monitored using finger photoplethys-
mography (Finometre MIDI; Finapres Medical System), 
and used to calculate mean arterial pressure (MAP). 
Stroke volume (SV) and cardiac output were determined 
from the ABP waveform using the Modelflow software 
program, which incorporates the sex, age, height, and 
weight of the subject (Beat Scope1.1; Finapres Medical 
Systems). The partial pressure of carbon dioxide (PetCO2) 
was measured using a capnometer (CO2 Monitor OLG-
2800A; Nihon Kohden).

2.5  |  Statistical analysis

Values are expressed as mean  ±  SD. Differences in 
variables between trials were compared by one-way 
repeated-measures analysis of variance with Student–
Newman–Keuls post hoc test (SPSS, version 19.0; IBM). 
The level of significance was set at a p-value of <0.05.

3   |   RESULTS

Both methods of inducing orthostatic stress caused tachy-
cardia, increased MAP, and decreased SV and PetCO2 
(Table 1). These changes were enhanced from −40 mmHg 
LBNP or HUT to −60  mmHg LBNP. Importantly, there 
were no significant differences in SV between −40 mmHg 
LBNP and 60° HUT (−19.1% ± 15.1% and −23.2% ± 10.5% 

from baseline, p = 0.156). The −60 mmHg LBNP further 
decreased SV from −40 mmHg LBNP and HUT (p < 0.001, 
−35.7% ± 12.3% from baseline).

Both methods of inducing orthostatic stress decreased 
the cross-sectional area of the IJV, but −40 mmHg LBNP 
induced a smaller bilateral decrease in the cross-sectional 
area of IJV than that induced by HUT (right, −45% ± 49% 
vs. −78%  ±  27%, p  =  0.008; left, −49%  ±  27% vs. 
−78% ± 20%, p = 0.004; Figure 2). Moreover, −60 mmHg 
LBNP enhanced the decrease in the cross-sectional area of 
the IJV compared to −40 mmHg, but the cross-sectional 
area during −60 mmHg was still larger than that of HUT.

4   |   DISCUSSION

The present study assessed the cross-sectional area of the 
IJV during the LBNP and HUT trials. The novel finding 
is a smaller decrease in the cross-sectional area of the 
IJV during the −40  mmHg LBNP compared to the 60° 
HUT despite a similar decrease in SV (similar orthostatic 
stress). Gravitational effects during orthostatic stress in-
duce IJV collapse and decrease the cross-sectional area 
of the IJV. Importantly, venous outflow affects cerebral 
arterial circulation; therefore, the findings of the present 
study suggest that the different methods of inducing or-
thostatic stress may modify CBF regulation via different 
mechanical influences on venous shape (venous outflow) 
despite the same systemic hemodynamics. Therefore, this 
phenomenon may need to be taken into consideration 
when studying CBF regulation using LBNP or HUT.

Both LBNP and HUT reduce venous return, and thus 
central blood volume, by pooling blood in the lower parts 
of the body (Cai et al., 1985). The LBNP at −40  mmHg 
produces a shift of 500–600 ml of blood into the lower ex-
tremities (Musgrave et al., 1969), which is quantitatively 
similar to the volume shift observed by the upright pos-
ture or 60° HUT (Perko et al., 1993; Sjostrand, 1953). Both 

Supine HUT

LBNP

−40 mmHg −60 mmHg

HR (bpm) 77.8 ± 13.1 93.7 ± 12.0* 81.9 ± 13.8# 94.7 ± 17.0*,$

MAP (mmHg) 73.3 ± 9.0 80.7 ± 7.5* 83.6 ± 14.1* 83.4 ± 11.4*

SV (mL) 67.2 ± 17.5 54.0 ± 17.6* 52.1 ± 16.9* 43.5 ± 16.1*,#,$

PetCO2 (mmHg) 38.5 ± 1.6 36.7 ± 2.9* 38.1 ± 2.0# 36.2 ± 2.9*,$

Note: Mean ± SD.
Abbreviations: HR, heart rate; MAP, mean arterial pressure; PetCO2, partial pressure of carbon dioxide; 
SV, stroke volume.
*p < 0.05 versus supine.
#p < 0.05 versus HUT.
$p < 0.05 versus −40 mmHg LBNP.

T A B L E  1   Haemodynamic response 
to head-up tilt (HUT) and lower body 
negative pressure (LBNP)
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LBNP and HUT produce a similar decline in thoracic vol-
ume and increase in pelvic and lower extremity volume 
as measured using impedance plethysmography (Taneja 
et al., 2007). In the present study, the −40 mmHg LBNP 
and 60° HUT led to similar changes in SV; thus, cardiac 
output without arterial hypotension is consistent with 
data from previous studies (Kitano et al., 1985; Wolthuis 
et al., 1974). Therefore, these findings support the conten-
tion that 60° HUT and −40 mmHg LBNP evoke a similar 
degree of central hypovolemia with comparable systemic 
hemodynamic responses.

In giraffes, since the head is 2 m above the heart, ar-
terial blood pressure at heart level should be 155 mmHg 
higher than that at the head by estimating via hydrostatic 
pressure, however, actual arterial blood pressure at heart 
level was much lower (Mitchell et al., 2006). Thus, pre-
vious studies (Badeer, 1988; Hicks & Badeer, 1989) sug-
gested that the giraffe cranial circulation can be regarded 
as an inverted U-tube that functions as a siphon for sup-
porting arterial blood flow to the brain. The pressure 
gradient down the jugular vein should be negative if the 
jugular vein acted as a siphon, however, it was the oppo-
site in giraffes: pressure at the top of their jugular vein was 
far higher than that at the bottom (Hargens et al., 1987). 
These findings suggest at least that the principle of the si-
phon is not valid in giraffes. In addition, previous human 
studies (Dawson et al., 2004; Gisolf et al., 2005) concluded 
that a siphon does not operate in the cranial circulation 
of standing humans because orthostatic stress decreases 
the cross-sectional area of the IJV and leads to IJV col-
lapse. The IJV pressure is close to zero, maybe with, occa-
sionally, small negative pressures probably reflecting that 
there are established “pockets” of blood in a vein that is 
collapsed at other places. In the present study, similarly, 
both LBNP and HUT decreased the cross-sectional area of 
the IJV. This reduction is due to the gravitational influence 
on the tissue around the IJV (Dawson et al., 2004). This 
phenomenon is likely to impede anterior CBF drainage, 
but it has been reported that vertebral vein (VV) blood 
flow increases accordingly as the IJV blood flow decreases 
during orthostatic stress (Valdueza et al., 2000). This im-
portant finding suggests that VV blood flow is important 
for maintaining anterior CBF drainage and likely compen-
sates for the decrease in IJV blood flow during orthostatic 
stress. The VV only compensates only for up to 50% of the 
reduction in IJV blood flow because of its smaller caliber, 
but other veins, such as the epidural veins, also drain the 
brain and help to regulate CBF during orthostatic stress. 
The orthostatic stress-induced alteration in venous drain-
age distribution affects arterial CBF regulation, especially 
in the posterior cerebral circulation (Ogoh et al., 2016, 
2020; Sato et al., 2017).

In the present study, the cross-sectional area of the 
IJV responded differently to the method used to induce 
orthostatic. These differences in the present study are rel-
atively small; however, it should be considered that the 
different methods themselves, rather than orthostatic 
stress itself, may modify CBF regulation. Moreover, al-
tered venous hemodynamics may play a role in the late 
stages of post-ischemic cerebral edema in patients with 
midline dislocation (Stolz et al., 2002), and cranial venous 
outflow abnormalities may cause cerebral edema after 
ischemic stroke (Van Lieshout et al., 1985). These findings 
suggest that venous drainage is important for maintaining 

F I G U R E  2   Cross-sectional area (CSA) of the right internal 
jugular vein (IJV, top panel) and left IJV (bottom panel) at the 
supine position, 60° head-up tilt (HUT), −40 mmHg lower body 
negative pressure (LBNP), and −60 mmHg LBNP. *p < 0.05 vs. 
supine, #p < 0.05 vs. HUT, $p < 0.05 vs. −40 mmHg LBNP
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cerebral homeostasis in patients with cerebral disease and 
highlight the interplay between cerebral venous outflow 
and CBF regulation.

4.1  |  Limitations

This study has several limitations. The IJV pressure may 
need to be measured to accurately identify venous col-
lapse because the decrease in the cross-sectional area 
may not be consistent through the entire length of the IJV 
(Dawson et al., 2004). In the present study, we measured 
the cross-sectional area at only one site of IJV (at the J3 
level as cranially as possible in the IJV after its passage 
through the jugular foramen). Therefore, our data may 
over- or under-estimate the difference in response of the 
cross-sectional area or collapse of the IJV to LBNP and 
HUT. If the collapse of the IJV occurs, the cross-sectional 
area at one site of the IJV may not be zero, but the blood 
pressure is zero. Finally, the change in the cross-sectional 
area of IJV should be easy to fix using M-mode. However, 
it is difficult for determining “collapse” for M-mode be-
cause the evaluation is on a straight line on the M-mode. 
In addition, the respiratory fluctuation can be confirmed 
even on B-mode. Thus, in the present study, the cross-
sectional area of the IJV was measured using B-mode ul-
trasound systems.

5   |   CONCLUSIONS

LBNP, which stimulates orthostatic stress as an experi-
mental model, caused different alterations in anterior 
venous outflow that may affect CBF regulation compared 
with HUT. Thus, in studying CBF regulation, it should be 
considered that the various methods of inducing orthos-
tatic stress may modify CBF response independently of 
the orthostatic stress that is induced.

ACKNOWLEDGEMENT
We appreciate the commitment of all participants.

CONFLICT OF INTEREST
No conflicts of interest, financial or otherwise, are de-
clared by the authors.

AUTHOR CONTRIBUTIONS
Shigehiko Ogoh and Shigeki Shibata conception and 
design of research; Shigehiko Ogoh, Ai Hirasawa, and 
Shigeki Shibata performed experiments; Ai Hirasawa ana-
lyzed data; Shigehiko Ogoh and Ai Hirasawa interpreted 
results of experiments; Shigehiko Ogoh prepared figures; 
Shigehiko Ogoh drafted the manuscript; all authors edited 

and revised manuscript; all authors approved the final 
version of the manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author, [SO], upon reason-
able request.

ORCID
Shigehiko Ogoh   https://orcid.org/0000-0001-5297-6468 

REFERENCES
Badeer, H. S. (1988). Haemodynamics of the jugular vein in the 

giraffe. Nature, 332, 788–789. https://doi.org/10.1038/332788b0
Bondar, R. L., Kassam, M. S., Stein, F., Dunphy, P. T., & Riedesel, M. 

L. (1994). Simultaneous transcranial Doppler and arterial blood 
pressure response to lower body negative pressure. Journal of 
Clinical Pharmacology, 34, 584–589. https://doi.org/10.1002/
j.1552-4604.1994.tb020​10.x

Bronzwaer, A. G., Verbree, J., Stok, W. J., Daemen, M. J., van Buchem, 
M. A., van Osch, M. J., & van Lieshout, J. J. (2017). The cerebro-
vascular response to lower-body negative pressure vs. head-up 
tilt. Journal of Applied Physiology, 122(4), 877–883. https://doi.
org/10.1152/jappl​physi​ol.00797.2016

Cai, Y., Holm, S., Jenstrup, M., Stromstad, M., Eigtved, A., Warberg, 
J., Hojgaard, L., Friberg, L., & Secher, N. H. (2000). Electrical 
admittance for filling of the heart during lower body negative 
pressure in humans. Journal of Applied Physiology, 89(4), 1569–
1576. https://doi.org/10.1152/jappl.2000.89.4.1569

Cooper, V. L., & Hainsworth, R. (2001). Carotid baroreceptor reflexes 
in humans during orthostatic stress. Experimental Physiology, 
86, 677–681. https://doi.org/10.1113/eph86​02213

Cooper, V. L., & Hainsworth, R. (2002). Effects of head-up tilting 
on baroreceptor control in subjects with different tolerances 
to orthostatic stress. Clinical Science, 103, 221–226. https://doi.
org/10.1042/cs103​0221

Dawson, E. A., Secher, N. H., Dalsgaard, M. K., Ogoh, S., Yoshiga, C. 
C., Gonzalez-Alonso, J., Steensberg, A., & Raven, P. B. (2004). 
Standing up to the challenge of standing: A siphon does not 
support cerebral blood flow in humans. American Journal of 
Physiology: Regulatory, Integrative and Comparative Physiology, 
287, R911–R914.

Fu, Q., Levine, B. D., Pawelczyk, J. A., Ertl, A. C., Diedrich, A., Cox, 
J. F., Zuckerman, J. H., Ray, C. A., Smith, M. L., Iwase, S., Saito, 
M., Sugiyama, Y., Mano, T., Zhang, R., Iwasaki, K., Lane, L. D., 
Buckey, J. C. Jr, Cooke, W. H., Robertson, R. M., … Biaggioni, 
I. (2002). Cardiovascular and sympathetic neural responses to 
handgrip and cold pressor stimuli in humans before, during 
and after spaceflight. The Journal of Physiology, 544, 653–664. 
https://doi.org/10.1113/jphys​iol.2002.025098

Fu, Q., Shibata, S., Hastings, J. L., Platts, S. H., Hamilton, D. M., 
Bungo, M. W., Stenger, M. B., Ribeiro, C., Adams-Huet, B., & 
Levine, B. D. (2019). Impact of prolonged spaceflight on or-
thostatic tolerance during ambulation and blood pressure 
profiles in astronauts. Circulation, 140, 729–738. https://doi.
org/10.1161/CIRCU​LATIO​NAHA.119.041050

Gisolf, J., Gisolf, A., van Lieshout, J. J., & Karemaker, J. M. (2005). 
The siphon controversy: An integration of concepts and the 

https://orcid.org/0000-0001-5297-6468
https://orcid.org/0000-0001-5297-6468
https://doi.org/10.1038/332788b0
https://doi.org/10.1002/j.1552-4604.1994.tb02010.x
https://doi.org/10.1002/j.1552-4604.1994.tb02010.x
https://doi.org/10.1152/japplphysiol.00797.2016
https://doi.org/10.1152/japplphysiol.00797.2016
https://doi.org/10.1152/jappl.2000.89.4.1569
https://doi.org/10.1113/eph8602213
https://doi.org/10.1042/cs1030221
https://doi.org/10.1042/cs1030221
https://doi.org/10.1113/jphysiol.2002.025098
https://doi.org/10.1161/CIRCULATIONAHA.119.041050
https://doi.org/10.1161/CIRCULATIONAHA.119.041050


6 of 6  |      OGOH et al.

brain as baffle. American Journal of Physiology: Regulatory, 
Integrative and Comparative Physiology, 289, R627–R629.

Han, W. Q., Hu, W. D., Dong, M. Q., Fu, Z. J., Wen, Z. H., Cheng, 
H. W., Ma, J., & Ma, R. S. (2009). Cerebral hemodynamics and 
brain functional activity during lower body negative pressure. 
Aviation, Space and Environmental Medicine, 80, 698–702. 
https://doi.org/10.3357/ASEM.2267.2009

Hargens, A. R., Millard, R. W., Pettersson, K., & Johansen, K. (1987). 
Gravitational haemodynamics and oedema prevention in the 
giraffe. Nature, 329, 59–60. https://doi.org/10.1038/329059a0

Hicks, J. W., & Badeer, H. S. (1989). Siphon mechanism in collapsible 
tubes: Application to circulation of the giraffe head. American 
Journal of Physiology, 256, R567–R571.

Kaur, J., Vranish, J. R., Barbosa, T. C., Washio, T., Young, B. E., 
Stephens, B. Y., Brothers, R. M., Ogoh, S., & Fadel, P. J. (2018). 
Regulation of regional cerebral blood flow during graded reflex-
mediated sympathetic activation via lower body negative pres-
sure. Journal of Applied Physiology, 125(6), 1779–1786. https://
doi.org/10.1152/jappl​physi​ol.00623.2018

Kitano, A., Shoemaker, J. K., Ichinose, M., Wada, H., & Nishiyasu, T. 
(1985). Comparison of cardiovascular responses between lower 
body negative pressure and head-up tilt. Journal of Applied 
Physiology, 98(2081–2086), 2005. https://doi.org/10.1152/jappl​
physi​ol.00563.2004

Kuriyama, K., Ueno, T., Ballard, R. E., Cowings, P. S., Toscano, W. B., 
Watenpaugh, D. E., & Hargens, A. R. (2000). Cerebrovascular 
responses during lower body negative pressure-induced pre-
syncope. Aviation, Space and Environmental Medicine, 71, 
1033–1038.

Levine, B. D. (1993). Regulation of central blood volume and cardiac 
filling in endurance athletes: The Frank-Starling mechanism as 
a determinant of orthostatic tolerance. Medicine and Science in 
Sports and Exercise, 25, 727–732.

Mitchell, G., Maloney, S. K., Mitchell, D., & Keegan, D. J. (2006). 
The origin of mean arterial and jugular venous blood pressures 
in giraffes. Journal of Experimental Biology, 209, 2515–2524. 
https://doi.org/10.1242/jeb.02277

Musgrave, F. S., Zechman, F. W., & Mains, R. C. (1969). Changes 
in total leg volume during lower body negative pressure. 
Aerospace Medicine, 40, 602–606.

Ogoh, S., Nakahara, H., Okazaki, K., Bailey, D. M., & Miyamoto, T. 
(2013). Cerebral hypoperfusion modifies the respiratory che-
moreflex during orthostatic stress. Clinical Science, 125, 37–44. 
https://doi.org/10.1042/CS201​20335

Ogoh, S., Sato, K., de Abreu, S., Denise, P., & Normand, H. (2020). 
Arterial and venous cerebral blood flow responses to long-
term head-down bed rest in male volunteers. Experimental 
Physiology, 105, 44–52. https://doi.org/10.1113/EP088057

Ogoh, S., Sato, K., Okazaki, K., Miyamoto, T., Hirasawa, A., 
Sadamoto, T., & Shibasaki, M. (2015). Blood flow in internal ca-
rotid and vertebral arteries during graded lower body negative 
pressure in humans. Experimental Physiology, 100, 259–266. 
https://doi.org/10.1113/expph​ysiol.2014.083964

Ogoh, S., Volianitis, S., Nissen, P., Wray, D. W., Secher, N. H., & Raven, 
P. B. (2003). Carotid baroreflex responsiveness to head-up tilt-
induced central hypovolaemia: Effect of aerobic fitness. Journal 
of Physiology, 551, 601–608.

Ogoh, S., Washio, T., Sasaki, H., Petersen, L. G., Secher, N. H., & 
Sato, K. (2016). Coupling between arterial and venous cere-
bral blood flow during postural change. American Journal of 
Physiology: Regulatory, Integrative and Comparative Physiology, 
311, R1255–R1261. https://doi.org/10.1152/ajpre​gu.00325.2016

Perko, G., Payne, G., & Secher, N. H. (1993). An indifference 
point for electrical impedance in humans. Acta Physiologica 
Scandinavica, 148, 125–129. https://doi.org/10.1111/
j.1748-1716.1993.tb095​41.x

Sato, K., Oba, N., Washio, T., Sasaki, H., Oue, A., Otsuki, A., 
Sadamoto, T., & Ogoh, S. (2017). Relationship between cere-
bral arterial inflow and venous outflow during dynamic su-
pine exercise. Physiological Reports, 5(12), e13292. https://doi.
org/10.14814/​phy2.13292

Sjostrand, T. (1953). Volume and distribution of blood and their sig-
nificance in regulating the circulation. Physiological Reviews, 
33, 202–228. https://doi.org/10.1152/physr​ev.1953.33.2.202

Stolz, E., Gerriets, T., Babacan, S. S., Jauss, M., Kraus, J., & Kaps, 
M. (2002). Intracranial venous hemodynamics in patients with 
midline dislocation due to postischemic brain edema. Stroke, 
33, 479–485. https://doi.org/10.1161/hs0202.102371

Taneja, I., Moran, C., Medow, M. S., Glover, J. L., Montgomery, L. 
D., & Stewart, J. M. (2007). Differential effects of lower body 
negative pressure and upright tilt on splanchnic blood vol-
ume. American Journal of Physiology. Heart and Circulatory 
Physiology, 292, H1420–H1426. https://doi.org/10.1152/ajphe​
art.01096.2006

Valdueza, J. M., von Munster, T., Hoffman, O., Schreiber, S., & 
Einhaupl, K. M. (2000). Postural dependency of the cere-
bral venous outflow. The Lancet, 355, 200–201. https://doi.
org/10.1016/S0140​-6736(99)04804​-7

Van Lieshout, J. J., Wieling, W., Karemaker, J. M., & Secher, N. 
H. (1985). Syncope, cerebral perfusion, and oxygenation. 
Journal of Applied Physiology, 94(833–848), 2003. https://doi.
org/10.1152/jappl​physi​ol.00260.2002

Wolthuis, R. A., Bergman, S. A., & Nicogossian, A. E. (1974). 
Physiological effects of locally applied reduced pressure in man. 
Physiological Reviews, 54, 566–595. https://doi.org/10.1152/
physr​ev.1974.54.3.566

How to cite this article: Ogoh, S., Hirasawa, A., & 
Shibata, S. (2022). Influence of head-up tile and 
lower body negative pressure on the internal 
jugular vein. Physiological Reports, 10, e15248. 
https://doi.org/10.14814/​phy2.15248

https://doi.org/10.3357/ASEM.2267.2009
https://doi.org/10.1038/329059a0
https://doi.org/10.1152/japplphysiol.00623.2018
https://doi.org/10.1152/japplphysiol.00623.2018
https://doi.org/10.1152/japplphysiol.00563.2004
https://doi.org/10.1152/japplphysiol.00563.2004
https://doi.org/10.1242/jeb.02277
https://doi.org/10.1042/CS20120335
https://doi.org/10.1113/EP088057
https://doi.org/10.1113/expphysiol.2014.083964
https://doi.org/10.1152/ajpregu.00325.2016
https://doi.org/10.1111/j.1748-1716.1993.tb09541.x
https://doi.org/10.1111/j.1748-1716.1993.tb09541.x
https://doi.org/10.14814/phy2.13292
https://doi.org/10.14814/phy2.13292
https://doi.org/10.1152/physrev.1953.33.2.202
https://doi.org/10.1161/hs0202.102371
https://doi.org/10.1152/ajpheart.01096.2006
https://doi.org/10.1152/ajpheart.01096.2006
https://doi.org/10.1016/S0140-6736(99)04804-7
https://doi.org/10.1016/S0140-6736(99)04804-7
https://doi.org/10.1152/japplphysiol.00260.2002
https://doi.org/10.1152/japplphysiol.00260.2002
https://doi.org/10.1152/physrev.1974.54.3.566
https://doi.org/10.1152/physrev.1974.54.3.566
https://doi.org/10.14814/phy2.15248

